SYNTHESIS OF SELECTED SULFOBETAINES
Unlike to 3-(N,N-dimethyloctadecylammonio) propanesulfonate that is commercially available, three additional sulfobetaines were synthesized and their utility as capping ligands was compared. The synthesis based on the procedure of Hazell et al. 1 was conducted as follows: N,Ndimethyloctadecylamine (18.59 mL, 0.05 mol, 1 eq) was dissolved in 50 mL of acetone, to which a solution of 1,4-butane sultone (25.57 mL, 0.25 mol, 5 eq) in 50 mL of acetone was slowly added. The mixture was kept under reflux for 12 hours. The white solid was isolated by vacuum filtration and washed with acetone. Yield after purification: 89%. 1 Step 1: N,N-dimethyloleylamine The alkylation of oleylamine was performed by an Eschweiler-Clarke reaction.
2 Oleylamine (18.5 mL, 56.1 mmol, 1 eq.) was mixed with 15 mL of ethanol. Formaldehyde (37% in water, 22.8 mL, 280 mmol, 5 eq.) and formic acid (10.57 mL, 280 mmol, 5 eq.) were added in succession and the mixture was refluxed for 18 h. The solution was concentrated and 100 mL of hexane were added. The organic phase was washed with concentrated NaOH (3x50 mL), dried over sodium sulfate and evaporated to give a yellow liquid. Yield after purification: 16.39 g (99 %) 1 H NMR (300 MHz, CDCl 3 ): δ = 5.35-5.25 (m, 2H), 2.18 (t, J = 7.2 Hz, 4H), 2.15 (s, 6H), 2.00-1.89 (m, 4H), 1.47-1.34 (m, 2H), 1.24 (m, 22H), 0.83 (t, J = 6.8 Hz, 3H). 13 Step2: 3-(dimethyloleylammonio) propane-1-sulfonate N,N-dimethyloleylamine (10g, 33.8 mmol, 1 eq.) was dissolved in a mixture of 100 mL of acetone and 50 mL of acetonitrile. Subsequently, 1,3-propane sultone (3 mL, 35.5 mmol, 1.05 eq.) was slowly added and the mixture was stirred at room temperature for 66 h. The resulting slurry was poured into 200 mL of acetone and the product was removed by filtration. The white solid was washed with acetone (3 x 50 mL) and dried. Yield after purification: 7.41 g (52 %) 13 C 4 -sulfobetaine with double bond [3-(N,N-Dimethyloleylammonio) butane sulfonate] 2.3. N,N-dimethyloleylamine (10g, 33.8 mmol, 1 eq.) and 1,4-butane sultone (5.2 mL 50.8 mmol, 1.5 eq.) were dissolved in 250 mL of acetonitrile and refluxed overnight. All chemicals were frozen out of solution by putting the flask into the freezer for 1 h and were then filtered off. The solids were dissolved in the minimal quantity of ethanol and the solution was poured into 300 mL of ethyl acetate, yielding a white precipitate. The product was filtered off and washed with ethyl acetate (3 x 50 mL) and dried. Yield after purification: 7.12 g (49 %) 1 3 NCs from cesium and lead 2-ethylhexanoates and TOPX 2 3.1.
SYNTHESIS OF COLLOIDAL PEROVSKITE NANOCRYSTALS

Synthesis of CsPbX
Cesium 2-ethylhexanoate
Cesium hydroxide mono hydrate (4.9805 g, 30 mmol, 1 eq) was dissolved in 200 mL ethanol in an Erlenmeyer flask and 2-ethylhexanoic acid (4.74 mL, 30 mmol, 1 eq) was added under stirring. The solution was dried over Na 2 SO 4 and the ethanol was evaporated under vacuum, yielding a highly viscous liquid product, which was dried at 120 °C under vacuum for 1 h (turning into a waxy solid) and stored in the glovebox until further use. Cesium 2-ethylhexanoate is hygroscopic. Yield after purification: 1.1 g (80 %) 1 Lead (II) oxide (10.00 g, 44.8 mmol, 1 eq) was suspended in acetonitrile (20 mL) in a 100 mL round-bottom flask. The mixture was stirred and cooled in an ice bath to 0 °C, when trifluoroacetic acid (0.7 mL, 8.96 mmol, 0.2 eq) and trifluoroacetic anhydride (6.2 mL, 44.8 mmol, 1 eq) were added stepwise. After the yellow powder of lead oxide had dissolved, it was allowed to warm up to room temperature. So-obtained Pb(TFA) 2 solution was slowly added into a solution of 2-ethylhexanoic acid (14.25 mL, 90.05 mmol, 2.01 eq), 180 mL isopropanol and triethylamine (14 mL, 101.25 mmol, 2.26 eq) stirred in a 500 mL Erlenmeyer flask. The resulting solution was kept in the freezer at -20 °C for 12 h, resulting in the crystallization as white needles. The product was removed by cold filtration, washed with methanol and dried under vacuum for 12 h at room temperature (whereupon it would melt) and then at moderate heating (several hours) to fully remove methanol. The viscous liquid was stored in glovebox until use. Yield after purification: 13.31 g (60 %) 1 
TOP-X 2 precursor
The TOP-halides can be prepared by reacting TOP with the respective elemental halide. All TOPhalides should be stored under inert atmosphere in order to prevent their degradation. The sensitivity to air increases for heavier halides.
TOPCl 2 solution was prepared by reacting TOP (6 mL, 0.013 mol, 1 eq) with ca. 0.13 mol (10 eq) of Cl 2 gas, which was produced in situ by slowly reacting concentrated HCl (15 mL) with potassium permanganate powder under the flow of argon as a carrier gas. The Cl 2 /argon mixture was first passed through a water-filled flask, to remove the HCl traces. The reaction vessel containing TOP was cooled to 0 °C by a water/ice bath in order to avoid a violent reaction. Unreacted Cl 2 was neutralized by bubbling through 5 M NaOH solution. It is important to not use any vacuum grease but Teflon joints instead, and the complete setup has to be made of glass in order to avoid leakage of chlorine gas. The product (TOPCl 2 ) is solid at 0 °C and turns into liquid at ambient temperature. 18.7 mL of toluene were added in order to obtain a 0. The adduct of X 2 with TOP stands in equilibrium with the TOPX + X -ion-pair as described by Muhammad et al. 4 for TOPBr 2 . This equilibrium exists for all TOP-dihalide adducts and seems to be slower for lighter halides. This equilibrium is exemplified in Figure S3 for the case of TOPBr 2 . The two peaks assigned to the two species (TOPBr 2 and TOPBr + Br -) shift when the ratio of TOP to Br 2 is changed. The downfield peak was assigned to the ion pair according to considerations on the shielding and deshielding of the phosphorus. The ion pair was described to be of orange colour. 4 In the presence of excess bromine, the solution is orange and the downfield peak increases.
The phosphine R 2 PH can be found in all precursor batches and disappears upon exposure to air. The doublet is due to J 1 proton coupling and is absent in proton decoupled spectra. The exposure to air shifts the equilibrium towards the ion pair side. This precursor will still form CsPbBr 3 NC with the same shape and size as the precursor which was not exposed to air under identical synthesis conditions but QY of the NCs prepared using the air-exposed precursor will be lower.
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Figure S3.
31 P-NMR spectra of TOP-Br 2 adducts and reference spectra. The doublet at 10 ppm is due to H-P J 1 coupling. Isolation (washing step 1): the crude solution was centrifuged at 29464 g (where g is the Earth's gravity force) for 10 minutes. The supernatant was separated and mixed subsequently with 12 mL of ethyl acetate and the mixture was centrifuged 29464 g for 10 minutes. The precipitate was redispersed in 3 mL of toluene.
Purification (washing steps 2-4): the colloid can be further purified by up to 3 precipitations and redispersions using sequential addition of 6 mL ehtylacetate, centrifugation at 29464 g for 1 minute, and subsequent redispersion in 3 mL of toluene. Ideally, NCs are stored after isolation (washing step 1) at a concentration of ca. 10 mg/mL preserving their colloidal stability for several weeks. Concentration of zwitterionic-ligand-capped CsPbBr 3 NCs can be as high as 50-150 mg/mL. Eventually, such concentrated colloids do sediment upon prolonged storage due to large size of these NCs (10 nm and above). These precipitated NCs, however, retain initial PL QY and are usually redispersible at lower concentrations (ca. 10 mg/mL). On contrary, OA/OLA-capped CsPbBr 3 usually do not disperse at concentrations higher than 5-10 mg/mL and are not redispersible after sedimentation. Figure S4 ). Reagents were used as received; no pre-drying of solvents was performed, metal 2-ethylhexanoates were produced as follows: 
NC-synthesis.
In a typical NC synthesis, Cs-2-ethylhexanoate solution (0.4 mL, 0.18 mmol, 1 eq) and Pb(II)-ethyl hexanoate solution (0.5 mL, 0.3 mmol, 1.7 eq) were added to a three-neck flask along with 3-N,N-(dimethyloctadecylammonio)propanesulfonate (0.043 g, 0.1 mmol, 0.5 eq) and 5 mL of mesitylene. The atmosphere in the flask was exchanged for argon and the mixture was heated to the reaction temperature of 80-160 °C, followed by the injection of TOPX 2 (0.5 mL, 0.46-0.5 mmol X, 2.3-2.8 eq). The reaction was immediate and cooled to room temperature by a water-ice bath ca. 10 seconds after injection.
Isolation (washing step 1): The crude solution was centrifuged at 29464g for 10 minutes. The supernatant was mixed subsequently with 12 mL of ethyl acetate and the mixture was centrifuged at 29464g for 10 minutes. The precipitate was redispersed in 3mL of toluene.
Purification (washing steps 2-4): the colloid can be further purified by up to 3 additional precipitations and redispersions by sequential addition of 6 mL ethyl acetate, centrifugation at 29464g for 1 minute and subsequent redispersion in 3 mL of toluene. The final NC dispersion can be centrifuged at 29464g for 1 minute again in order to remove the larger NCs. Optimally, NCs are stored after isolation at a concentration of ca. 10 mg/mL, thereby maintaining the colloidal stability for weeks. . [5] [6] The reflection width in the experimental pattern are broadened by the instrument (the used instrument is configured for ultra-small NCs). 31 P-spectra of the precursor (blue), CsPbBr 3 NC after 4 washing steps with acetone and benzene (red), the supernatant of the first washing step (violet) and the 31 P spectrum of TOPO (yellow). The chemical shift of the by-product in the supernatant varies when oleates (50-70 ppm) or ethylhexanoates (60-80 ppm) are used under otherwise identical conditions. Furthermore, when the corresponding acids are reacted with a TOP-halide, species with a chemical shift similar to the NC-reaction by-product are formed along with gas evolution. The gas could be identified to be HX. Lead (II)oleate or 2-ethylhexanoate as well as the cesium salts each react with TOPX 2 forming corresponding metal halides and the same P-containing species. When TOPCl 2 is reacted with different amounts of 2-ethylhexanoic acid the chemical shifts and the number of phosphorous peaks changes from 2 to 1 after reaction. The chemical shift of the product, however, depends on the ratio of the starting materials, suggesting a product system in fast dynamic exchange (panel b). Similar as in the case of TOPBr 2 the downfield species becomes more dominant when more acid is present. Contrary to the case of TOPX 2 (slow exchange) where the contribution of the downfield peak increases, in the case of this product, the peak shifts due to fast exchange. The 13 C NMR (panel c) proves the incorporation of ethylhexanoate into the product. The carbonyl peak (i) as well as the peak of the carbon in α-position to the carbonyl (j) shift drastically due to the reaction. This by-product of our reaction which we hypothesize to be a TOPR 2 , where R is 2-ethylhexanoate or oleate, is not air/moisture stable and could therefore not be isolated for analyses other than NMR. The decomposition product under air/moisture is TOPO.
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Figure S7.
1 H-NMR spectra of CsPbBr 3 NCs prepared by method 1 at different stages of purification and after decomposition of the NCs using DMSO-d 6 . The majority of material from the crude solution is lost after 2 purification steps. After the 4 th purification step no impurities are visible from the spectrum; only broad peaks from molecules associated with the NC, acetone and benzene. After decomposition of the NCs, the spectrum can be assigned to the ligand 3-N,N-(dimethyloleylammonio)propane sulfonate and solvents (* acetone and  DMSO). Inset: NOESY spectrum of the NCs after 4 purification steps showing only positive (blue) cross peaks for the broad features and negative (green) cross peaks for the solvents. The sign of cross peaks in NOESY correlates with the tumbling rate of the measured species and is positive for slow tumbling rates. In this way it is confirmed that the peak broadening is due to slow tumbling rates typical to large solutes such as NCs.
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Synthesis of CsPbX 3 NCs from cesium and lead oleates and TOPX 2 (method 3) 3.2.
This synthesis method was found to be most convenient. It is readily scalable by 10-fold and the oleate precursors are prepared as solutions in ODE. Despite the use of oleates, they were not detected in the final, purified colloidal solutions or on NC surfaces by NMR analysis.
Cesium oleate
Cs 2 CO 3 (1.628 g, 5 mmol, containing 10 mmol Cs, i.e. 1 eq) and oleic acid (5 mL, 16 mmol, 1.6 eq) were evacuated in a three-neck flask along with 20 mL of ODE at room temperature until the first gas evolution stops and then further evacuated at 25-120 °C for 1 hour. This yields a 0.4 M solution of Cs-oleate in ODE. The solution turns solid when cooled to room temperature and was stored under argon and heated before use.
Lead (II)-oleate
Lead (II) acetate trihydrate (4.6066 g, 12 mmol, 1 eq) and oleic acid (7.6 mL, 24 mmol, 2 eq) were evacuated in a three-neck flask along with 16.4 mL of ODE at room temperature until the first gas evolution stops and then further evacuated at 25-120 °C for 1 hour. This yields a 0.5 M solution of Pb-oleate in ODE. The solution turns solid when cooled to room temperature and was stored under argon and heated before use.
Synthesis of CsPbX 3 NCs (method 3: TOPX 2 based synthesis, X=Cl, Br)
For a typical synthesis of CsPbX 3 NCs covered with zwitterionic ligands (0.1 mmol 0.5 eq 3-N,N-(dimethyloctadecylammonio)propanesulfonate or 3-N,N-(dimethyloleylammonio)-propanesulfonate or 0.05 mmol 0.25 eq of DDMAB or miltefosine), these molecules were added into a 25 mL three-neck flask along with Cs-oleate (0.4 mL ,0.16 mmol, 1 eq) and Pb-oleate (0.5 mL, 0.25 mmol, 1.6 eq) and 5 mL ODE. Prior to this, the oleate solutions were heated to 120 °C in order to transfer them into the reaction flask as homogeneous liquids. The reaction vessel was purged 3 times and heated under inert gas to a defined temperature in the 100-180 °C range, followed by the injection of TOPX 2 (0.5 mL, 0.46-0.5 mmol, 2.3-2.8 eq, stock solution; see 3.1.3). The reaction was immediate and the resulting crude solution was cooled to room temperature using a water-ice bath. Isolation (washing step 1): The crude solution was centrifuged at 29464g for 10 minutes. The supernatant was isolated and mixed with 12 mL of ethyl acetate and the mixture was centrifuged at 29464g for 10 minutes. The precipitate was redispersed in 3 mL of toluene. Purification (washing steps 2-4): The colloid can be further purified by up to 3 additional precipitations and redispersions by sequential addition of 6 mL ethyl acetate, centrifugation at 29464g for 1 minute and subsequent redispersion in 3 mL of toluene. The final NC dispersion can be centrifuged at 29464g for 1 minute again in order to remove larger NCs. Optimally, NCs are stored after isolation at a concentration of ca. 10 mg/mL, maintaining the colloidal stability for several weeks. Only very little NC quantities (or none) are irreversibly precipitated. Most, in fact, stay in the supernatant upon centrifugation at 29464g for 10 minutes and can be precipitated with a suitable polar aprotic solvent (ethyl acetate or acetone -see Table S3 ). Typical synthesis yield after purification 70% (average 79% over 33 reactions). The synthesis can be up-scaled 10-fold (increasing the solvent quantity by factor of five) with very similar results in terms of NC size, size distribution and yield.
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The halide composition within NCs can be adjusted between chloride and bromide in the whole range, but only a small amount of iodide can be incorporated, reaching a maximum emission wavelength of at most 530 nm ( Figure S11 , for this series 3-N,N-(dimethyloctadecylammonio)propane sulfonate was used as a ligand). This saturation behaviour can be found with any of the zwitterionic ligands. The wavelength at which the saturation occurs varies slightly depending on the type and the amount of ligand used. CsPbI 3 NCs crystallize in a non-luminescent phase. The CsPbBr 3 NC size can be tuned between 10 and 15 nm by changing the reaction temperature from 130-180 °C, whereby higher temperatures yield larger NCs. The emission peak shifts slightly from 515 nm to 518 nm in the course of this size variation, indicating weak quantum confinement regime. NC size increases in a series C 3 -sulfobetaine, phosphocholine towards, γ-amino acid, under identical synthesis conditions ( Figure S13 ).
Neither oleic acid nor TOP can be found in the solution of purified NCs by 1 H-or 31 P NMR ( Figure S8 and S6a). If a solution of purified NCs is mixed with DMSO, the NCs dissolve completely; the spectra of this resulting solution do not show signs of TOP or oleic acid (red spectrum Figure S8 and S6a). Yet the zwitterionic ligand can be easily found in the spectrum of the dissolved NCs. It cannot be resolved in the spectrum of intact NCs due to extensive broadening caused by the tight binding to the NC surface and therefore tumbling at the speed of the NC (too slow for effective averaging of the chemical shift; green spectrum Figure S8 ). The diffusion constant of the ligand, determined from 5 different batches of CsPbBr 3 capped with sulfobetaine, is consistent with the theoretical diffusion coefficient of the respective NCs, which indicates binding of the ligand to the NC surface (Table S2) . S18 Figure S8 . 1 H NMR spectrum of washed CsPbBr 3 NCs (method 3) in C 6 D 6 (green), the same NCs dissolved by addition of equal volume of DMSO-d 6 (red), spectrum of sulfobetaine ligand in 1:1 C 6 D 6 : DMSO (violet). Insets show a photo of the NMR sample before and after dissolution with DMSO and a scheme of the molecular structure of the ligand for assigning the peaks. The lines are labeled as follows: * water, x DMSO, ∆ acetone,  impurities in commercial C 3 -sulfobetaine ligand. The chemical shifts of the solvents change due to them being measured in different solvent ratios and the chemical shifts were set relative to benzene. In the green spectrum broad lines dominate the spectrum, with the exception of solvents and some small sharp lines of residual ODE. The broadening is only for the surface-bound species and is due to them tumbling at the rate of the NC they are associated with; therefore, the averaging normally seen in solution spectra is not effective. After dissolution of the NCs (red spectrum) the formerly sharp lines are still present and the now freed molecules show narrow resonances as well. We only find the C 3 -sulfobetaine in the red spectrum, which is a clear proof that it wins over oleate in terms of binding to the CsPbBr 3 surface even when the oleate was present in a 6-fold excess vs. C 3 -sulfobetaine in the synthesis. 3 NCs from cesium and lead oleates and oleylammonium halides 3.3.
Synthesis of CsPbX
(method 4) With this synthesis, zwitterionic-capped CsPbI 3 and iodine-rich CsPb(Br/I) 3 can be formed, which was not possible with the methods 1-3. The synthesis also yields smaller CsPbX 3 NCs (for X=Cl, Br and their mixtures). At low temperatures (80-100 °C), also nano-platelets have been observed.
Oleylammonium halides
Oleylammonium bromide was synthesized from oleylamine (62.5 mL, 0.19 mol, 1 eq) and aqueous HX (X=Cl, Br, I) (0.19 mol, 1 eq) in 500 mL ethanol solution and purified by recrystallization from diethylether and ethanol.
Synthesis of CsPbX 3 NCs (method 4:
OLAmX based synthesis, X = Cl, Br, I) This synthesis was developed based on a synthesis published by Sargent's group. 7 First, zwitterionic ligands were added into a 25 mL three-neck flask along with Cs-oleate and Pb-oleate stock solutions (described in 3.2.1 and 3.2.2 respectively) as well as 10 mL of ODE (see Table S1 for quantitative details). The reaction vessel was heated under argon to a defined temperature (80-180 °C range), followed by the injection of OLAmX (3 mL, 0.9 mmol, 0.3 M solution in toluene, 4.5 eq) under rapid stirring. The formation of NCs was immediate and the resulting crude solution was cooled to room temperature by a water-ice bath. Isolation (washing step 1): The crude solution was centrifuged at 29464g for 10 minutes. The supernatant was isolated and mixed with 12 mL of ethyl acetate and the mixture was centrifuged at 29464g for 10 minutes. The precipitate was redispersed in 3 mL of toluene. In the first centrifugation in this synthesis there is also a precipitate as in the OA/OLA system. This precipitate can be redispersed in 5 mL of toluene and will be the fraction of NCs with larger edge lengths. These NCs and the ones from the supernatant can be purified separately as follows. Purification (washing steps 2-4): The colloid can be further purified by up to 3 additional precipitations and redispersions using sequential addition of ethyl acetate (see Table S3 ), centrifugation at 29464g for 1 minute and subsequent redispersion in the same amount of toluene as used initially. The final NC dispersion can be centrifuged at 29464g for 1 minute again in order to remove the larger NC. The emission can be tuned over the entire UV-Vis spectral range by the variation of the halide composition (see Figure S12) ; different ligands need to be used for different spectral regions (see Table S1 ). NC sizes between 4 and 9 nm with aspect ratios between 0.5 and 1 can be achieved using this method. The emission can thereby be tuned also in the range of 490-512 nm (4 x 7 nm Platelets-9 nm cubes, CsPbBr 3 ). Smaller NCs are less tolerant to isolation and purification. Oleylammonium is not an innocent molecule in terms of ligand action. It can apparently compete with sulfobetaine and similar compounds for binding to the surface. This we can conclude from not being able to purify the NCs completely from oleylammonium ions even in thoroughly washed colloidal solutions (see Figure S9 ). Insets show a photo of the NMR sample before and after dissolution with DMSO and a scheme of the molecular structure of the ligand for assigning the peaks. The lines indicated with the following signs are * water, x DMSO, ∆ acetone,  impurities in commercial sulfobetaine ligand. The chemical shifts of the solvents change due to them being measured in different solvent ratios and the chemical shifts were set relative to benzene. In the green spectrum broad lines dominate the spectrum with the exception of solvents and some small sharp lines of residual ODE. The broadening is only present for the surface-bound species and is due to them tumbling at the rate of the NC they are associated with; therefore, the averaging normally seen in solution spectra is not effective. After dissolution of the NCs (red spectrum) the formerly sharp lines are still present and the now freed molecules show narrow resonances as well. We find the C 3 -sulfobetaine as well as oleylammonium or oleylamine in the red spectrum. The peak at 5.5 ppm is due to the double bond of the oleyl-group of the oleylammonium. The ratio of oleylammonium to C 3 -sulfobetaine is 1:1.5. The loaded ratio in the synthesis was 6:1. This shows that even though oleylammonium can compete with the sulfobetaine for binding sites, the zwitterionic molecule prevails. 
CHARACTERIZATION METHODS
Materials characterization 4.1.
Powder X-Ray Diffraction patterns (XRD)
XRD patterns were collected with STOE STADI P powder diffractometer, operating in transmission mode. A germanium monochromator, Cu K α 1 irradiation and a silicon strip detector (Dectris Mythen) were used. Also, a Stoe IPDS II with an image plate detector, Cu-K α radiation (λ = 1.54186 Å), graphite monochromator, fiber optics and a modified sample holder was used for transmission powder diffractometry.
TGA (Thermo Gravimetric Analysis) and DSC (Differential Scanning Calorimetry)
TGA and DSC were performed using a Netzsch Simultaneous Thermal Analyzer (STA 449 F5 Jupiter). A powdered sample (20 mg) was placed in an alumina crucible and heated under Ar gas flow (50 ml min -1 ) to 800 °C at a rate of 10 °C min -1 .
Elemental Analysis
Elemental analysis was conducted at the Molecular and Biomolecular Analysis Service (MoBiAS) of ETH Zurich. The samples were combusted under O 2 atmosphere and the resulting CO 2 and H 2 O was quantified by a LECO Tru Spec Micro micro elemental analysis device by means of infra-red spectroscopy, while N 2 was quantified with a thermal conductivity detector.
Transmission Electron Microscopy (TEM)
TEM images were collected using Hitachi HT7700 microscope operated at 100 kV and using a Philips CM 12 microscope operating at 120 kV. TEM images were processed using Image J (or new Fiji).
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Standard optical characterization 4.2.
Optical absorption
UV-Vis absorption spectra for colloidal solutions were collected using a Jasco V670 spectrometer in transmission mode. Absorption spectra from film were obtained with the same spectrometer using a JASCO ILN 725 integrating sphere. In this way transmission and reflectance spectra were measured and the absorption spectrum was calculated from their difference.
Photoluminescence (PL) and absolute quantum yield (QY) measurements
A Fluorolog iHR 320 Horiba Jobin Yvon spectrofluorometer equipped with a PMT detector was used to acquire steady-state PL spectra from solutions. QYs from green NC dispersions were estimated according to the standard procedure using fluorescein. 9 Red NCs with emission well below 530 nm were referenced to Rhodamine 6G and blue ones with emission lower than 491 nm were referenced to quinine sulphate according to the methods suggested by IUPAC. 9 Absolute QY of films was measured with Quantaurus-QY Absolute PL quantum yield spectrometer from Hamamatsu.
Time-resolved PL traces
TRPL traces were obtained by a Time-Correlated Single Photon Counting (TCSPC) system based on an Si single photon avalanche photodiode (ID Quantique) with 50 ps time resolution, using a SPC-130-EM counting module and BDL-488-SMN laser (Becker & Hickl) with a pulse duration of 50 ps and wavelength of 486 nm, and with a CW power equivalent of ~0.5 mW, externally triggered at a 5 MHz repetition rate. PL emission from the samples passed through a long-pass optical filter with an edge at 500 nm. 
DLS (Dynamic Light
before the measurement was repeated 5 times. The samples as used for NMR were diluted first by factor 2 and then up to 10000 times in order to check the consistency of the measurement. The measurement result was independent of the NC concentration.
Solution-NMR 4.3.
4.3.1.
1 H-NMR and 31 P-NMR Spectra of NC dispersions and decomposed NC dispersions as well as DOSY and NOESY spectra were measured on a Bruker Avance III HD Spectrometer operating at a 1 H frequency of 500.26 MHz and equipped with a BBFO-Z probe. The sample temperature was set to 298.2 K.
Quantitative 1H-NMR measurements
Quantitative measurements were sampled with a 30-degree pulse centred at 2501 Hz with a sweep width of 5000 Hz; 32 spectra were acquired each for 15 s, which was determined to be five thirds of the T 1 time constant of the slowest decaying species (protons at a double bond of oleic acid). The DMSO d 6 protons were used as internal reference.
4.3.3.
31 P-NMR spectra and 1 H and 13 C-NMR Spectra for routine characterization of products of organic synthesis were measured on a Bruker Avance DPX-300 spectrometer operating on a proton frequency of 300.13 MHz and equipped with a BBFO-Z probe. For product characterisation from the organic syntheses, chemical shifts (δ) are reported in ppm relative to tetramethylsilane (δ = 0 ppm, 13 C and 1 H) using the residual solvent peaks as internal standard. Chemical shifts of 31 P are referenced to 85% H 3 PO 4 . Coupling constants (J) are reported in Hz and multiplicity of a peak is specified with the following notation: s = singlet, d = doublet, t = triplet, m = multiplet, bs = broad singlet.
NMR-Sample preparation
NMR samples were purified using a 1:1 benzene/acetone mixture and 4 washing steps. The resulting precipitate after the fourth washing step was dried to powder under vacuum and subsequently dispersed in 0.6 mL of benzene (d 6 ) and filtered with a 0.45 μm pore syringe filter. In order to be certain about the colloidal stability of the NMR sample, it was usually measured 12 to 24 h after preparation. The NC were dissolved by adding 0.6 mL of DMSO (d 6 ) directly to the NMR tube. This solvent was chosen since it dissolves the ligands as well as bulk CsPbX 3 (X= Cl, Br, I). The resulting solution was a colorless transparent solution of ions, ligands and solutes which had been present in the NC dispersion ( Figures S6a, S7, S8 and S9 ).
Determination of diffusion coefficients
Diffusion measurements were performed on CsPbBr 3 NC (method 3) using a double stimulated echo sequence (for convection compensation) with monopolar gradient pulses. 10 Smoothed rectangle gradient pulse shapes were used throughout. The gradient strength was varied linearly from 2 to 95% of the probe's maximum value in 32 or 64 increments, with the gradient pulse duration and diffusion delay optimized to ensure a final attenuation of the signal in the final increment of less than 10% relative to the first increment. In order to extract the diffusion constants, the peaks of interest were de-convoluted form overlapping solvent peaks in the individual 1D Spectra by a Matlab routine shaped around the Voigt-profile fitting program by Maxim Varenik from the Matlab library. The peak position and full width at half maximum was held constant over all spectra. The traces retrieved from the fitted spectra were summed up and compared to the result of the integration and showed to agree well. Subsequently, the received traces were fitted with the decay function:
where I is the intensity, I 0 is a scaling factor, D is the diffusion constant, γ is the gyromagnetic ratio, δ is the pulse duration of the gradient pulse, G is the gradient strength and Δ is diffusion delay time. The results of the fit to the individual decay functions was again summed and compared to the decay trace given by the integration over the data and still showed good agreement. When the ligand as described in 2.2 was used (with an oleyl group instead of a saturated C18 chain), the spectra could be processed directly in Topspin and similar results were obtained. This was possible due to no overlapping solvent signals at the peak of the double bond of the oleyl group, hence no deconvolution was necessary.
The diffusion coefficient could be related to the NC size and vice versa by the Stokes-Einstein equation: D = k B T 6 π η c a with kB being the Boltzmann constant, T -the temperature, η -the viscosity of the solvent (benzene, the viscosity of the solution does not deviate at small volume loadings 12 ), c -a shape factor for the cubic shape (0.66) and a -the edge length of the NC.
STABILITY TESTS
Washing procedure
For each ligand system the conditions for complete precipitation of NCs were established by stepwise adding more anti-solvent and centrifuging at 1337g. Full precipitation was reached at different solvent to anti-solvent ratios as can be seen from the table below. The procedure established in this way was used for washing tests and applied 0-3 times, by full precipitation with an anti-solvent, centrifugation at 1337g and subsequent redispersion in the same amount of toluene as initially used. In order to remove variability in washing tests the samples were prepared such that fractions were taken after each washing step. Washing steps are counted as follows:
Step 1: Method for isolation of NCs from crude solution as described earlier in the synthesis section. In the case of standard OA/OLA NCs (0.2 mmol batch size as reported by Protecescu et al. 13 ), this step was conducted without addition of any polar solvent (centrifugation of the crude solution at 29464g for 10 minutes, redispersion in 3 mL of toluene and centrifuged again at 1238g for 2 minutes in order to remove insolubles.
Step 2-4: Method as described in Table S3 and subsequent redispersion in the same amount of toluene as initially used. The example of ethyl acetate was chosen since it showed initially the least harm to the NCs made from the OA/OLA system and this was therefore determined to be the fairest possible comparison. More than two washing steps on the OA/OLA system were omitted due disintegration of NCs. 4 times washed CsPbBr 3 NCs covered with the C 3 -sulfobetaine can retain 80% of their initial QY for at least a month. The integrity of the sulfobetaine capped NCs can also be seen in the spectra shown in (b), which do not change upon washing and time, unlike to standard OLA/OA system (c). (d) Time resolved PL traces corresponding to the spectra in (b) and (c). The TEM images of sulfobetaine capped NCs after step 1 and 2 on day 1 and 28 cannot be distinguished at first sight confirming that the stability seen spectrally is connected to their structural integrity. ). This excess was compensated by removing 16 Cs ions from the surface in a random fashion, resulting in an overall Cs: Pb: X ratio of 1.6:1:3.6 (200 Cs: 125 Pb: 450 Br). Similarly, a ~3.0 nm CsPbI 3 NC model was created by replacing all Br by I. The binding energies between the zwitterions and the nanocrystal were evaluated by replacing one CsBr unit with the zwitterion. In this binding site, the negatively charged group of the zwitterion replaces Br and the positively charged group replaces Cs. The formula to compute the interaction energy is calculated according to the following reaction: NC + zwitterion -> NC-zwitterion. A negative value indicates that the super molecular complex (i.e. with the zwitterion bound to the surface) is the most stable one. The NC and zwitterion structures and the combined system were optimized with density functional theory calculations in the CP2K code using the PBE exchange-correlation functional and a double-ζ basis set plus polarization functions. All optimizations were performed in vacuum. Scalar relativistic effects have been accounted for by using effective core potential functions in the basis set. Spin-orbit coupling effects were not included, as it has been shown that scalar relativistic effects are sufficient to describe the equilibrium geometries and the binding energies. We noticed that the zwitterion alone can present several minima and the correct configuration can lead to different energetics of the products in the formula to compute the binding energies. To find the most stable configuration of the zwitterion, we performed molecular dynamics simulations at the DFT/PBE level of theory with a double-ζ basis set plus polarization functions. A short simulation of 500-1000 fs was performed at a constant temperature of 300 K and a canonical NVT ensemble. From this trajectory, we retrieve some structures and optimized them at 0 K to find the lowest minimum. band. This because our computed value of the NC ionization energy was too high, presumably for the lack of a complete passivation shell of ligands. Note also that for the ligands we could not compute the frontier orbitals for the ion-pairs OLAH + OA -and OLAH + Br -(in this case methylammonium acetate and methylammonium bromide), because in the gas-phase every attempt to optimize the ion pair led to proton transfer and thus neutralization. 
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Photoconductivity measurements 7.1.
Photoconductivity measurements were performed with illumination from a tungsten lamp dispersed by an Acton SP2150 (Roper Scientific) spectrograph/monochromator. The light was modulated by a mechanical chopper at a frequency of 8 Hz unless scanned in modulation frequency dependence experiments. For photoconductivity experiments, colloidal solution of CsPbBr 3 NCs covered with sulfobetaine ligands and washed 4 times with acetone was drop-casted over interdigitated electrodes with 10 µm gaps and a total length of 40 mm (see inset to Figure 3d) . The sample was biased using a Keithley 236 SMU up to 60 V, limited to obtain stable dark currents in the range of 50 nA. The signal, amplitude, and phase were measured across a series resistant by a Stanford Research 830 lock-in amplifier. The light intensity was controlled by a calibrated power detector (UM9B-BL, Gentec-EO).
Amplified spontaneous emission (ASE) 7.2. Measurements were performed with excitation from a femtosecond laser system consisting of an oscillator (Vitesse 800) and an amplifier (Legend Elite), both from Coherent Inc., with a frequency-doubling external BBO crystal. This system yielded 100 fs pulses at 400 nm, with a repetition rate of 1 kHz and pulse energy of up to 4 µJ. The laser power was measured by a LabMax-TOP laser energy meter (Coherent Inc.) with a nJ measuring head. The optical emission was recorded by an ASEQ-instruments LR1-T CCD spectrometer (1 nm spectral resolution). The laser beam intensity profile was analysed by a LabMax TOP camera from Coherent Inc. The laser beam profile had a TEM00 mode with a 1.5 mm FWHM diameter.
LED-FABRICATION AND CHARACTERIZATION
Fabrication
8.1.
The ITO-coated glass substrates were brush cleaned with a Extran MA02 neutral detergent mixed with deionized water (1:3), followed by sonication in acetone and isopropanol for 10 minutes each. After blow-drying the substrates, they were treated with oxygen plasma for 10 minutes. The filtered (0.45 µm PTFE filter) PEDOT:PSS solution was then spin-coated in ambient air onto the substrates (4000 rpm, 20 s). The PEDOT:PSS covered substrates were annealed at 130 °C for 30 minutes. Next, the substrates were transferred into a nitrogen-filled glovebox, where poly-TPD (2 mg/ml in chlorobenzene) was spin-coated on top of the PEDOT:PSS layer (3000 rpm, 40 s), followed by annealing at 130 °C for 30 minutes. Finally, four-times washed (ethyl acetate) C 3 -sulfobetaine-capped CsPbBr 3 NCs (15 mg/ml in toluene) were spin-coated on top of the poly-TPD layer (2500 rpm, 40 s). The substrates were then transferred into an ultra-high vacuum evaporation chamber (~110-7 mbar). Here, TPBi (35 nm, 0.05 nm/s), LiF (1 nm, 0.01 nm/s) and Al (100 nm, 0.2 nm/s) were deposited through a shadow mask by thermal evaporation. The overlap between the Al cathode and the ITO anode defines the LED pixel size (5 x 5 mm 2 ). Each glass substrate contained four LED pixels.
S35
LED characterization 8.2.
Current density-voltage-luminance (J-V-L) characteristics were measured either with a Keithley 2400 source meter and a Photoresearch PR 655 spectrophotometer, which simultaneously measured the electroluminescence (EL) spectrum, or with a Keysight B2902A source-measure unit and calibrated large area Si photodiode (Thorlabs FDS1010-CAL). In case of photodiode measurements, the EL spectrum was measured separately with a Thorlabs compact spectrometer, type CCS200M. The active area of the photodiode (10x10mm 2 ) was larger than pixel active area (5x5mm 2 ), external quantum efficiency (EQE) was measured and determined according to Forrest et al. 14 The luminance was calculated assuming a Lambertian-type emission pattern.
LED device statistics 8.3. The EQE of 33 devices with the described architecture was analyzed. The most common outcome (13 times) was a peak EQE between 1.5 and 2%, while a peak EQE between 2 and 3.5% was found 6 times (see Figure S20 ). Small variations in NC-solution concentration and age of the sample may explain the spread of values. Figure S21 . A steep increase with the turn-on of the device to 2.5% (7.5 cd/A) is observed, followed by a slow, but steady decrease to 1.0% (3.0 cd/A) at 10V. ). Similar JV characteristics have previously been observed for QD-LEDs (e.g. Mashford et al. 15 , Kohler and Bassler 16 ) and have been described as follows: the first regime corresponds to Ohmic conduction, the steep, intermediate regime to trapped-charge limited conduction, and finally the quadratic regime, which indicates space-charge limited conduction. 
